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PROTOTYPE MEMORY SYSTEM

by

L. 8, Cosentine, R. 8, Mezrich, 1, M, Nagle,
W. €, Stowart, and I, #, Wendt
RCA Laboratorios
Prineeton, New deracy 0BH40

SUMMARY

This report describes the design, devolr.pmont, and implementation of a prototype, partinlly
populated, 10%.bit read-write holographic memory system using state-of-the-arl components, The
systom employs an argon ion luser, acoustooptic beum deflectors, a holographic beam splitts.r
(hololens), u nematic liquid crystal page composer, a photoconductor-thermoplastic crasable
storage medium, a silicon PIN photodiode array, with lenses and electronics of both conventional
and custom design. Operation of the prototype memory system has been successfully demon-
strated. Careful attention is given to the analysis from which the design criteria were developed.
Specifications for the major components are listed, along with the details of their construction
and performance, The primary conclusion resulting from this program is that the basic principles
of read-write holographic memory system are well understood and are reducible to practice.




I, INTRODUCTION

‘Phin roport dogeribes the design, development, and implamentation of u prototype 100.
hit holographic memory systom, The prineipel purpote of the project wak tao dotormine that the
baste concopts undorlying Intge-capaeity rond-write hotographie momaorion ave vonlatie and ronl-
ablo,  Sinee practieal light valve arraye and roversible storage modin capable of oporating in sub.
millineeond eyele timen with oxlating tasers romain to he doveloped, 4 complete aystom of non-
trivial slze that is capublo of oporating at realistle spoeds as @ computer memory cannot he it
at prosont, ‘Tho nlternative approach taken here is to ignore the spoed regquivements for the
moment, and to develop o systom with the best presently reolizablo components, ‘Ihe originnl
design employed a Q-switched ruby laser, u two-dimensional acoustooptic doflector, a lguid
crystal page composer, & munganese-bismuth orusuble mugneto-optic storage medium, und o silicon
photudiode detector array, Experimental difficulties with the ruby laser lod to the substitution
of un argon ion laser and a photoconductorthermoplastic storuge medium,

With the oxception of laser power reyuiremonts, design of the systeia optics is essentiully
independent of the speed requirement. Following u brief description of the memory system, this
report details the design unalysis and then gives a complete description of each mujor system
somponent,

The organization specified for the memory system is that there be space in the storage
medium for at least 1024 holograms, euch of which can store 1024 bits (one page) of informa-
tion. To provide an extra margin of immunity to image fluctuations from a variety of possible
sources, each bit of information in the image of a given page is associated with two diagonally
adjucent resolvable spots, A and B. The condition A on and B off represents a binary “0”, A
off and B on represents a binary “1"; the two remaining combinations where A and B are simul-
taneously off or on are not used as inputs and represent an error condition if detected.

The memory system is partially populated in a manner which permits a realistic assessment
of the performance of a fully populated system. The page composer is fully populated so that
each page written into and read from a hologram contains the full 2048 resolvavle points repre-
senting 1024 bits in a page, The deflection system has the full resolution for addressing any
one of 1024 holograms. Only 48 oi the poss'ble hologram locations are active - 16 in locations
near the center of the arvay and 32 around the poriphery. There are five separated groups con-
taining four nearest neighbors so that full density in local areas at the center and boundaries is
included. The photodetector array contains 20 diodes for sensing 10 of the 1024 bits in each
image, These are divided among an udjacent bit pair at the center of the image and four bit
pairs around the periphery of the image,

Other criteria are that the information packing density be reasonably high (= 108 blts/mmz),
that light utilization be efficient, and that the basic design be capable of extension vo larger




sizen and higher capaeitios, Figave 1 s top-view skoteh of the holographic optieal syatom lnyout
golootad for the system, The remainder of this section summarizes the funetion of the components,
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Figure 1. Holographic opticul system.

The light input to the system is a small collimated und polurized laser beam which intercepts
the hololens at a fixed angle, 46° here, The point of intersection is selected by a deflection sys-
tem, not shown, which is capable of displac.ag the beam parallel to itself both horizontally and
vertically in fixed increments. Each possible position of the beem will ultimately result in the
illumination of a single hologram location on the erasable storage medium. The hololens con-
sists of an area array of permunently prerecorded holograms, one for each page of memory
capacity. Light diffracted by the hololens, when polarized parallel to the transmission axis of
the sheet polarizer, passes through the object beam lens to illuminate the light valves of the page
composer. The object beam lens projects an image of the illuminated hololens area onto the
storage medium. Thus, the object beam light from the page composer strikes the storage medium
only at the location where a hologram is to be written, The page composer is a two-dimensional
array of light valves. The transmission of each light valve is controlled by electricul signals which
compose the page of information to be recorded in a hologram on the storage medium, Since
the active aren of the puge composer containing the light valve array is the aperture stop for the
object beam lens, the array has an approximately circular boundary in order to minimize the
required lens dinmeter,

The zero-order component of the collimated input light beam, which is not diffracted by
the hololens but is transmitted without deviation, is folded by a 90" roof prism and arrives at
the storuge medium at a horizontal offset angle of 46°. This beam is used as the reference wave
for recording holograms on the storage medium, Two reflections inside the prism produce in-
version of the horizontal and vertical positions of the reference beam which match the inverted



image of the halalens produced by the ohjeet heam lons, Thus, ohjeet md eferenea heams are
coineident on the storgge medium for any point of ineidenee of the inpuit hemn on the holalens,

Stovage medinni holograms are vod out by rotating the plane of polavization of the input
heanm by 907, Diffraeted Hght from the hololene b Blocked by the sheet polaviver, so that anly
the referenee wave dluminten the seloeted hologran an the storagie medinm,  The recanstriveted
wivefront veprenents o virkunl image of the page componer in e wtnte of tenamisslon which
oxinted during the recording of the hologeam, This image i projected ac sty magfiention onto
(he photodeteetor army by the readout ensd o s diffraction Hmited by the small apertave of the
gingle hologeam: which i read out at any ghvon time, Stunce there ean be no vignetting of the
Bupe rayas from any of the holograms arrayed on the storage medium, the netive storage medium
aron forms the aperture stop oy the readout lens, The houndary of this wea Is also made ap
prosimately cirenlar, ‘The photodetector arvay containg o photosensitive diode ut cach loeation
where the imagge of a pagte composer light valve can appear, The information output of the
system consists of the resulting vlectrical signals,

n summary, the principal advantages of the present optical configuration are:

(1) Storage medium holograms of high pucking density rre wed fhowg o Sourier ey
form plane of the page composer,

(h) Use of the hololens provides deflection for che object beam with efficient light utiliza-
tion for writing.

(¢) Locuting the page composer and erasable storage medium adjacent to tav imaging
lonses minimizes the lens diameters for given focal lengths and memory capacity.

(d) Use of the sume teference beam incidence angles for hotn writing and reading permits
alignment of the photodetector urray without recording holograms.

The principal disadvantages are:
(a) The object illumination must be blocked during readout.

(b) Different increments cf horizontal and vertical displacement of the deflected input
beams arriving obliquely at the hololens must be provided.




. OPTICAL BYSTEM DESIGN

A specification of parameters such as size or spacing for one component in the optical sys-
tem usually dictales requirements for other components, In this section, some of the important
relationships among the components are analyzed., Simplifying approximations and empirical
measuren nis are used freely, - purpose is Lo provide a semiquantitative basis for evaluating
tradeoffs in arriving at a final design,

A. Deflector Resolution

The nt.nber of resolvable positions N in one dimension that is obtained from an acousto-
optie deflector cell is given by

N =~ 0/."\¢ (1)

where » 0 is the angular range over which the incident laser beam can be deflected (assuming
small deflection angles), and ~¢ is the incremental angular spacing between the central rays of
two adjacent deflected beams, The far-field diffraction pattern, appearing in the back focal
plane of a lens, contains the spatially resolved light spots. The angular range depends on the
frequency range of the acoustic waves, the light wavelength A\, and other constants. The allow-
able angular spacing A ¢ depends on the amount of diffraction spreading of the light due to the
finite diameter D of the cell’s optical aperture, and the amount of overlapping of spots which
can be tolerated. Since the diffraction spread is proportional to A/D, let

Ag = aA/D, 2)

where the constant of proportionality o is chosen according to the desired resolution criterion.
For a uniformly illuminated aperture and an effective Rayleigh resolution criterion in whick
spots are considered resolved when the maximum of one spot falls on the first minimum of the
neighboring spot, ¢ = 1.22 and

N(Rayleigh) = ~0 D/1.22A (3)

Since the input laser beam has an inherent Gaussian intensity profile through its cross sec-
tion, nnly 37% of the light power can be utilized in forming 2 perfectly uniform beam. If a
sufficiently small-diameter Gaussian beam is used such that substantially no light is blocked by
the cell aperture, the increased diffruction spreading reduces the number of spots resolved ac-
cording to a given criterion and for a fixed aperture size. A uscful compromise for optimizing
light throughput and resolution is to expand the laser beam so that the cell aperture truncates
the laser beam at its 1/0.2 intensity radius. ‘This allows 86% of the laser beam through the
aperture, and increases the diffraction spreading to approximately 1.4 times the value obtained
with no truncation of the same size Gaussian beam. Let »g represent the angular spread over
which the output beam drops from its central maximum to 1/e of this intensity value. It can




he shown that

g 0,672 0D (4)

For a resolution eriterion that speeifies the separation between centers of neighboring spots he
k times : (8,

o 0.672 k A/“ (H)
anrl
o(k) = 0.672 k (6)

'Therefore, for a given »0 and D, the number of resolvable spots N according to the above
criterion can be expressed in terms of the number resolved by the Rayleigh criterion:

N = N(Rayleigh) X 1.82/k (7)

It can be scen that as k increases, the Rayleigh resolution of the deflector must increase in order
to obtain a given number of spots resolved by the k criterion,

B. Reference Beam Spreading

A mgjor influence on image contrast arises from the partial illumination of neighboring
holograms on the storage medium during readout of a particular addressed hologram, The refer-
ence beam (and the object beam) must have sufficient extent to properly expose the storage
medium during writing to produce a hologram of the desired diameter. During readout, when
the reference beam is centered on the addressed hologram, the total light flux onto the neighbor-
ing holograms must be significantly less than on the selected hologram. Illumination of the de-
flector aperture with a Gaussian beam profile which is truncated at the 1 /e2 intensity radius
results in a deflected beam profile that is very nearly Gaussian in the main lobe, This profile is
therefore approximated by the expression

I(r) = I, exp [-(r/ro)z] (8)

where r is the radial coordinate in the storage medium plane, centered at the addressed holo-
gram, and r, is the radius al which the intensity falls to 1/e times the central intensity 1.

Assume that the efficiency with which the image of each data spot is reconstructed at the
photoconductor is the sume for each hologram in the array. The images from neighboring holo-
grams that are partially illuminated are derived from the same coherent wavefronts of the refer-
ence beam that produce the desired image. The images from the neighboring holograms arrive
at the photodetectors at slightly different angles, however, and produce spatial interference pat-
terns whose periods are smaller than each photodetector. The result is that il is nceessary to
add the respective intensities of the illumination from neighboring holograms, rather than the

6




amplitudes, beeause of the spatial intogration which oceurs aover the area of ench photodetector,
The question of interest is thus reduced to consideration of the light flux on the addressed holo-
grum compared with the total from all the neighhors,

Define Fy as the fraction of the total light flux in the reference heam which falls within
the boundary of the addressed hologram. Similarly, F. is the total light flux on neighboring
holograms, expressed as a fraction of the total incident flux. The minimum contrast €y in the
image due to readout beam spreading is

C, = FolF, (9)

For square holograms of width h, in a two-dimensional square array with center-to-center spacing
81y define the one-dimensional packing factor n |, as

Th = h/Sh (10)
The quantity k is given by

k = su/rg (11)
Figure 2 is a graph of the results of a numerical computation of the dependence of C, on ny, for
various values of k. Figure 3 plots the dependence of F, on these parameters. Whereas F, in-
creases as both 1, and k increase, C, increases with decreasing n), and increasing k. Using circu-

lar holograms of diameter h is equivalent to reducing ny, by a small amount in these calculations.
Further discussion of the choice of parameter values will appear in a later section.

C. Image Resolution

Consider the diffraction spreading in the image caused by a finite hologram diameter h,
The page composer is illuminated by coherent light of wavelength A which is converging to a
point in the Fourier transform plane at an axial distance z from the page composer. Page com-
poser light valves of diameter p form a periodic array with center-to-center spacings of Sp Over
80% of the light transmitted by the page composer appears in a circle of diameter d 5 in the
Fourier plane; this is the size of the central disc in the Airy diffraction pattern of one light valve.

dp = 2.44 Az/p (12)

Experimental measurements were used to determine the dependence of diffraction-limited image
contrast on the quantitics

a-= h/dA (13)
and

np = Pl (14)
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Figurc 2. Worst-case image contrast due to reference beam spreading as a function of
hologram size and spacing.

A sketch of the experimental setup is shown in Fig. 4. Collimated laser light is incident on
a metal mask with periodic apertures which simulate the elements of the page composer. In the
back focal plane of the lens, the light intensity distribution is the Fourier power spectrum of the
amplitude transmittance of the page composer mask - this is the plane in which a hologram
would be formed to give maximum information density. In this arrangement, the effective value
of z is the lens focal length f. Further' down the light path is the real image of the page com-
poser projected by the lens, given by the condition x x' = 2, A circular aperture representing
the hologram aperture was placed in the Fourier transform plane to transmit only the light wave-
fronts whick could be reconstructed from a hologram of the same size. A photodetector was
placed in the image plane with an entrance aperture equal in size to that of the projected image
s} one page composer element.

In the experiments, measurements were made of the light flux collected by the photodetec-
tor in the image of one opaque page composer element surrounded by all transparent elements,
and the light flux in the image of an adjacent transpareni page composer element. The ratio of




Figure 3. Fraction of reference beam light flux on addressed hologram as a function of
" hologram size and spacing.

light in the image of a transparent element to that in the opaque element is called the diffraction-
limited contrast Cgy; it was determined for a range of values of a and My Ratios as high as 4 x
104 could be measured without serious error from flare light in the system. The results may be
applied to a system with other scaling factors such as lens focal length, magnification, page com-
poser size, etc., by maintaining the same ratio a between hologram aperture diameter and the
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Figure 4. Experimental setup to measure diffraction-limited contrast.




diamotor of the central Airy dise in the Fourier transform (far-field diffraction patiern) of a
single page composer element, A portion of the experimental data is listed in Table | below,

Table 1
Experimentally Measured Values of Diffraction-Limited Contrast Cy as a
Function of ¢ and p

,,p § 1.7 1,6 14 1.2 1.0 08 066 0.5
0.40 | 10,700 3980 1430 1070 15,000 2640 415 111
0.50 2210 3240 872 2440 2600 1730 420 2880
0.67 711 600 814 426 1920 179 260 2.66
0.75 - - - 206 1030 100 4.7 -

The fluctuation of Cy as a varies is a real effect caused by the abrupt boundary of the holo-
gram aperture in the experiments. Note that Cj is greater than 102 over a 120% variation in holo-
gram diameter around the value a = 1 for all the experimental values of Mp-

An additional insensitivity to the effects of diffraction spreading is built into the geometrical
arrangement of image points which constitute an information bit, Diagonally adjacent pairs of de-
tectors represent a single information bit; the pairing of neighboring spots into bits is such that the
spillover light, from any valid combination of information states in the neighboring spots, falls equally
on the two detectors. The desired information forms a difference mode signal, while the noise due
to diffraction spreading becomes common mode. The effective contrast from diffraction spreading
becomes the product of C4 as measured for single spot detection and the common mode rejection
ratio of the detector electronics. Defects which alter the effective hologram aperture into a 110n-
symmetric shape, however, will tend to degrade the contrast in both factors. Since the value of 5
influences other parameters in the design, discussion of the final choice is deferred to a later section.

D. Other Considerations

Another aspect of image contrast to be considered is the extinction ratio required of the sheet
polarizer used to block the object illumination during readout. The sheet is aligned to transmit
the vertically polarized object illumination during writing; the intensity transmittance is my. Trans-
mittance of the horizontally polarized object illumination during readout is mg, where mg << my. 1f
the light flux from one page composer bit is F; at the hologram during writing, then the flux into
the image of a hit due to unextinguished direct object illumination is F; rmg/mq, where 7 is the in-
tensity transmittance ¢! the storage medium. The light flux in the image of a bit reconstructed from
the stored hologram is the product of the reference beam [lux F,, and the efficiency e per hit.
Define

K = Fy/F, (16




and note that the roforence heam flux at the hologram is the same for hoth reading and writing,
Tho contrast Up it the ratio of the flux in the readout image of a bit. to the flux from unextinguished
direet, objeet illumination,

Cp ™ Kemq/rmg (16)

Intermodulation distortion, in Fourier4ransform hologram images of a periodie objeet. such as
the page composer, reduces contrast by producing secondary images of an illuminated spot at the
primary image locations of other page composer elemenis. 'The effect oceurs when the reconstructed
wave amplitude is not linearly proportional to the object wave amplitude used in recording the holo.
gram. Spatial fluctuations of the object beam amplitude which are sufficiently large to exceed the
linear dynamic range of the recording medium produce a recorded nonlinearity. Pseudo-random
phase plates which uniformly shift the phase of the optical wavefront from each page composer
element greatly reduce the spatial fluctuations. An alternative is to use diffuse illumination of the
page composer at the expense of introducing speckle noise in the image from a high-density hologram.
Nonlinear distortion is also inherent in the reconstruction of linearly recorded phase holograms of
high efficiency; however, this effect is essentially negligible for peak diffraction efficiencies less than
approximately 10%.

E. Storage Capacity

This portion of the analysis defines the influence of storage capacity ou the design parameters.
The following quantities are defined:

Np - number of page composer elements

Ng - number of holograms in the storage medium

p -  diameter of one page composer element

h - diameter of one hologram in the storage medium

89 - center-to-center spacing of page composer elements

8h - center-to-center spacing of holograms

Tp - spatial one-dimensional duty factor of the page composer = p/sp

T - spatial one-dimensional duty factor of the hologram array = h/sy

Ap - required area of the page composer, including space between elements
Ay - required area of the storage medium, including space between holograms
P - diameter of the circle superscribed around the required page composer area




b} - dinmeter of the eirele superseribed around the equired storage medium ares

A -~ wavelength of light used for writing and reading

f ~  foeal longth of object beam and readout image lenses

7 ~  axial distance from page composer to storage medium

a - ratio of hologram diameter h to the diameter of tho central Airy dise in the

Fourier transform pattern of one page composer element
] - offective finumber of the imaging lens system i 2/P

Since the page composer elements and the storage medium holograms each form a square array,

. NAS2 = 2
Ap = Ny(Sp)? = Ny(p/np) (17

Ay = Ny(8p)? = Nyth/ng)? (18)

The hologram diameter is a times the diameter of the Airy disc of a page composer element,
h = 2.44 arzfp (19)

Combining Egs. (17), (18), and (19) gives
ApAg = NpN,(2.44 akz/ngn w2 (20)

Choosing the boundaries around the page composer elements and the storage medium hologram
array to be octagonal rather than square gives

Ap = V2 p2 (21)

and

A, = 2 82 ‘ (22)

8

Combining Eqgs. (21) and (22) with (20) gives
2b282 = NNy (2.44 ahzfngny)? (23)

K. Specifications

To fix the design of the optical system requires numerical specification of eight quantities:
hologram diameter and spacing, light valve diameter and spacing, wavelength, axial separation be-
tween page composer and storage medium, resolution criterion for deflector, and photodetector
diode diameter. To maximize the readout light, the diameter of the photodetector is chosen to
eqrual the diameter of a page composer light valve. In order to obtain identical specifications for




facal length and aperture of the object beam lons and the rendont lens, the pnge campaoser dinmeter

P in set equal to the storage medium dinmotor 8, This choico also minimizos the range of anglog aver
which the object henm is ineident. on the storage medium, The 1024 holograms in the storage medinm
are arvanged as a 86 x 86 square array with the corners truneatoed to give an octogonal boundary,
requiring a deflector resolution of 36 positions in each dimension instend of 32, The remaining
parameter velues wore ehosen to givo reasenable trade-offs hetween image contrast an the one hand,
and practical size and eost. on the other hand,

Table 1 lists the rosulting specifications, The initial design was for a ruby laser system incorpor-
ating a MnBi storage medium. The specific Curie-point writing characteristics of the MnBi limit the
information recording density and are an important consideration in this desigr.. A caleulated worst-
case image contrast of approximately 5:1 results in equal parts from reference beam spreading and
from the 100:1 polarization extinction ratio in the object beam. Construction of the system com-
ponents was begun on the basis of this initial design.

Table 11
Design and Performance Specifications

Parameter Initial Design Final Design
A (nm) 694.3 488.0
a 1 2.3
k 2 2
z (mm) 356 366
# 5 b
h (mm) 0.64 1.0
8y, (mm) 1.9 1.6
M 0.33 0.64
S (mm) 71 b8
p (mm) 0.97 0.97
8p (mm) 1.3 1.3
Tp 0.75 0.756
P (mm) 71 71

N(Rayleigh) 40 40
e 10-4 10-2
K 102 10
T 0.1 1
ml /m2 100 100
Cq 108 > 104
C, 10 6
Cp 10 10
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The final design vesulted fram a decision to change Lo an argon Jaser ind a photocanduetor-
thermoplastie storage medium, Bineo the availnble hologram dinmeter is determined hy the size of
o vestatance honter in the photoconduetor-thormoplastic doviee, a higher praeking deasity of dolo-
rams on the storage medium iy achlovahle, ‘The final design was based for practiend reasons on mini-
mizing changes in the components that were already specifiod in the initial design; the doflector
colls, page composer size, and lons foeal longths are loft unehanged, Sinee the active storage medium
dimmoter s smaller than in the initial design, and the holograms are larger thon necessary for dif-
fraction-limited imaging, the final design is not optimum, A seven- 1o eight-fold inerease in the
numbet of page composer eloments would he allowable under the image contrast constraints used
in the initial design,



HI, LARER BEAM DEFLECTION HYS'TY

A, Defloctor Cells

"The holographie optical system design roquives that the defleetor colls resolve 86 positions

with the conter of an adjacent spot falling at twice the ot intensity radius of an addrensed spot,
The colls are illuminated with an expanded and collimated laser beam which is traneated at the ot
intengity radiug by the eell aperture, 'Phese requirements are equivalent to specifying a coll capable
of resolving 40 positions according to the usual Ruyleigh criterion for uniform incident illumination,
"Pwo lead molybdate defloctor eclls (Isomet, Corporation, modified model 1101), having a specified
maximum Rayleigh resolution of 42 positions, und associated drivers were purchased. Other speci-
fications are (a) bandwidth - - 29 MHz centered at 91 M1z, (b) angular deflection range ucross bund-
width — 4 milliradians, (¢) diffraction cfficiency per cell across bundwidth - 60%, (d) access time

1.75 psec, (¢) optical aperture * - 6,3 mm, and (f) spot position accuracy — 1/8 spot separation at 20%

operating duty cycle,
B. Deflector Telescope

"The laser beam, which may be deflected over an angular range A0 of 4 x 10~3 yadian by the de-
flector cell, is to be converted by a lens system into small collimated beams parallel to the optical
axis which can span the 55-mm width of the active areas of the hololens and storage medium.
Placement of the deflector cell in the front focal plune of a lens system with an effective focal length
f' provides, in the back focal plane, a span y given by

y = f'n8 (24)

for small values of angular range. This requires f' to be 13.7 m. With the given deflector cell aper-
ture and this focal length, the diameter of the output beam changes less than 5% over an axial dis-
tance of 2 mcentered on the output plane. Thus, the deflected beams are parallel and effectively
collimated at the hololens plane and the storage medium plane, which are separated by an axial
distance of 1 m,

Shifting the deflector cell axially away from the front focal plane of the lens affects the paral-
lelism of the deflected beams arriving at the back focal plane; the deviation from normal incidence
of the arriving beams is greatest at the extremes of the angular range, and is zero at the center of the
angular range. It can be shown for an axial translation d of the deflector cell from the front focal
plane, that the beam leaving the deflector cell at an ungle ¢ measured from the center of the angular
deflection range will arrive at an angle §

5 = do/t’ (25)

in the back focal plane, but at the same position in the planc us when d is zero. Our requirement is
that a deflected beam arriving at a point on the hololens arrive at the equivalent point obtained by
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paratlel projection onto the storage medinm with an ervor of no more than one-fourth the dinmeter
of one hologram, sing the design values of T-mim hologriun dinmeter and L-m axind distanee he-
twoen hololens and storage medinm, the maximum atlowable angular deviation o max fromm pawattolinm
in

= (Lt ¥ 107 padian (A1)

s

! +
Substituting this valne along with ¢ - 2 10 A padian and the value of £' pives the maximum allow-
able axdal displacement dy oo of the defleetor eoll from the front foeal plane of the lens:

i ' ! ! - Ly o
Bas ~ Omax © 1 1.7m o

Ihis comfortably large tolerance results primarily from the small range of deflection angles involved,

The system of three lenses spaced ad shown in Fig. b is cquivalent to u single lens having an of.
fective focal length of fgfg/f,5 the distance between front and baek foeal planes is 2(f4 + fo 4+ Iy).

BACK
FRONT
FOCAL PLANE FOCAL PLANE
|o- L
t3 f3 +~**Jt fs fo —
INCIDENT
BEAM
_____.:——
\. e e s v _.-'-..‘....—

DEFLECTOR A9 L3
CELL LS

EFFECTIVE FOCAL LENGTH = f3fg5/fq

Figure 5. Compuet lens system.

For a given effective focal length, this distance is minimized by choosing fg = fg, and making [y us
small as possible. In the back focal plane of lens 3 is the far-field diffraction pattern of the deflector
cell as previously discussed, The size of the pattern is too small to be used directly since fg alone is
much smaller than the required effective focal length, The back focal plane of lens 4 contains an
image of the deflector cell with the transverse dimensions magnified by the rutio £4/f3 (much less
than unity), but with all beam angles mugnified by {3/f4. Lens B produces in its back focal plane the
far-ficld diffraction patterns of the image located in its front focal plane. Equivalently, the pattern
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at the hack foenl plane <f lons B is an image of the diffraction pattorn in the haek foeal plane of Jens

A4, magnified in transverse dimensions hy the ridio f5/14 (grentor than unity ), and with bepm angles
mngnifiod hy 14/, This system han the same tolerance to axind displnveomonts from the input and
antput planen as ealeulated for the single leas to which it equivalent.

The memory system dosign roquiven that the hololens and storage medinm planes ho inedined at
an angde of 40" in the horizontal plane to the parallel heama arriving from the deflection nystem, The
tota) lateral apan, %, Lor the x-axin deflector, and the offective foeal Tongth of the optienl system in the
hortzontal dimension must he smallor than the values for the vertieal dimension by the factor eon (1h7),
The resolution of the g-deflector must be the same as the yedefloctor, however, The offective fo il
length £}, of the leny system for horizontal deflection from K. (24) is

X =y Con (4B7) = fy o0 (2H)
or
fh n 0.7m (29)

A lons configuration which satisfies the requirements Is sketched in Fig, 6, The expunded luger
beams first enter the y-deflector cell, which produces vertical deflection with a 4 X 1073 radiun angu-
lar range. Lens 1 and lens 2 are cylindrical lenses with refractive power only in the vertical dimension,
The cylindrical telescope images the aperture of the y-deflector cell onto the x-deflector cell with a

BACK FOCAL
PLANE
LASER BEAM
I W POSITION 36
Y == f===== = X e =
DEFLECTOR L| L2 3 e\ POSITION |
CELL DEFLECTOR LS
CELL

Figure 6, Deflector lens system.

trunsverse magnification of fg/fy, and an angular range magnificetion of £y /tg = 1.41. The diffrac.
tion spreading in the horizontal direction between the two cells is negligible. The deflected beams
exiting from the x-deflector cell have a horizontal ungular range of 4 X 10-3 radian; the effective
center of deflection for both dimensions lies at the x-deflector cell. A three-lens spherical telescope
with an effective focal length of 9.7 m thus provides the proper rectangular format of deflected,
collimated heams near the back focal plane of the system,
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Design values chosen fay the defleetor apties are:

fq (evlindery - 11414 mm
fy (eylindery 100 mm
fy : U0 mm
4 : 17
i, S 11 [ VT

Lonses 1 aned LO have a rolative aperture of £76 and are corvected for spherleal aberration,  Lenbes
L1, B2, and L are of planosconves stimple form, stopped down to volative aperture values fvom /10
o £/20, The overall uxial sepavation from the first deflector cell to the output plane is 1,91,

(', Doflector Performance

‘The overall efficiency of the deflector telescope, including the nitial beam expaader and trunca-
tion aperture, Is 704, The efficiency of the caseaded deflector cells ahove, when operated at nominal
drive power, is 204, Strintions of inhomogencous refractive tndex in the lead molybdate erystals
produee the most serious mitation to deflector performunce, 'These imperfections produce wavefront
aherrutions of greater than one-half wave and distort the far-field diffruction pattern of u deflected

spot,

Figure 7(a) shows an enlurged photograph of the light distribution in the vutput plane of the de-
fiector telescope when the deflector cells are removed. 'This distribution, for which the central disc is
overexposed here, is the diffraction pattern resulting from the truncation aperture, Figure 7(b) is a
photograph of the output plane with the same exposure as (a), after the deflector cells are inserted.
The central lobe is distorted, the side lobes are much stronger, and the striations produce additional
preferential scattering in the horizontal and vertical directions. Measurements show that the aberra.
tions ulone spread the light distribution to approximately 1.6 times the intended extent, Thus, there
is relatively less light flux at the addressed hologram and more spillover light at the neighboring holo-
grams, Figure 7(¢) is a photograph of the output plane, without overexposure, showing the deflected
spots resulting from scanning all combinations of positions 1, 2, 13, 18, 19, 24, 35, and 36 for x- and
y-defloction, With the exception of 16 spots, 4 in each corner, this pattern represents the spatial loca-
tions of the 48 active holograms in the storage medium.
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(b)

(c)

Figure 7. Output plane of deflector telescope, 1:1 scale,
(a) Without deflector cells: central spot is overexposed. (b) With deflector cells;
same exposure as (a). (¢) Scanning all positions sequentially; normal exposure.
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IV. OTHER OPTICAL COMPONEN'TS

A, Hololens

The hololens is an array of permanent phase holograms which serves as the beam splitter for ro-
cording holograms in the erasable storage medium, Diffracted lght from the hololens is used to il-
luminate all the light valves of the page composer, The hololens holograms represent blank pages of
information; these holograms are copied onto the erasable storage medium with the page composer
providing the desired information pattern,

Simultaneous recording of the entire hololens array is accomplished with the geometry sketched
in Fig. 8. The page composer mask is a metal sheet with clear openings etched in the locations of the

UNIFORM
REFERENCE BEAM

ol

/

| UNIFORM
} ILLUMINATION
S éAee
ENSITIZED
PLATE LENs  COMPosEr SCATTERER
MASK

Figuse 8. Hololens recording geometry.

page composer light valves. A random phase plate is also included with the mask to uniformly shift

the phase of each aperture according to a computer-generated pseudo-random sequence. Randomiza-

tion of the phases ensures a sufficiently uniform spatial distribution of object illumination at the holo-
grams. The optical element denoted as the scatterer is imaged by the lens onto the sensitized dichromated
gelatin plate which will become the hololens array. Uniform illumination of the page composer mask
must be provided by each discrete scatterer point that is imaged onto a hologram location in the holo-
lens array. One such point is depicted in the figure, A uniform collimated beam incident at 45° to

the sensitized plate provides the reference wave for simultaneously recording the entire hololens array.

in order to provide uniform, spatially coherent illumination of the page composer, the scatterer
consists of u multiple lens array. Focussed spots of light, one for each lenslet of the scatterer, are
simultaneously imaged onto the sensitized plate at cach point where a hologram is to be recorded.
Molded plastic lens arrays would appear to be ideally suited for this purpose. Our observations have
shown, however, that the surface finish of such arrays is generally too poor to give a uniform cone of
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illumination with coherent. light. The results shown here are ohtained with individually selected
and mounted simple ylass lenses, Figure 9(a) is a photographic image of the pagr composer mask

v

(a)

(b)

Figure 9. (a) Image of page composer mask, illuminated by one lenslet, as seen through
1.mm hologram aperture. (b) Object illumination of one hologram in hololens array.

taken through the 1.mm aperture of one hologram in the hololens plane. The opaque aperture near
the center is deliberately introduced, The illuminating lenslet in this case has a slight cosmetic defect
which projects a faint shadow onto the page composer mask. Figure 9(b) shows the object beam il-
lumination in the hololens plane, to a different scale, which is mixed with the reference wave to form
the hololens hologram. During operation of the memory system, a pattern of identical geometrical
shape and size is projected by the object beam lens onto the crasable storage medium to record the
page composer information.
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It. ean be seen in Fig, 9(b) that the ratio « of the nominal hologram width of 1 mm to the diam-
oter of the central dise of the ()hj(‘(‘t heam pattern is 2.3, a8 ﬁ])l‘('iﬁl‘(l in the final design of the oplical
systom, Bince the hologram sizo s much larger thin is roguired Lo resolve the image of the page compo-
sor, the extra area can be used to provide additional redundaney. "This is necomplished by imaging
more than one point. source onto each hologram area, Additional point source images are easily ob-
tained by interposing crossed sinusoidal phase gratings between the multiple lens array and the page
composer mask in Fig. 8. T'he result, shown in Figs, 10(a) and (b)), is the addition of uniform structure

in the image of cach element of the page composer mask, and the averaging out of cosmetic defeets

F

ot

e
2y
8 1
-nﬁ

23T

22
X

B !

Figure 10. (a) Image of page composer mask, with redundancy added by a grating.
(b) Corresponding object illumination of one hologram in hololens array.



in the ilumination from the lenslets, There vomain m Fig, 106 some low contrast interference bands
eaused by ovorlapping higher diffraction orders from sepavate lenslets, 'This offoet, is easily eliminated
hy slightly rotating the crossed gratings in thew own plane Lo remove the overlapping orders,

The large area aveilable for recording cach hologram on the hololens, and on the erasable storage
medium, also permits the use of diffuse illumination, ‘The scatterer of Fig, 9 ean be a plate of f rosted
glass in this case, Figure 11 is an enlarged imuge of the portion of the page composer mask surround-
ing the central opaque element, taken through the T-mm hologram aperture with diffuse illumination,

Figure 11, Image of page composer mask, diffusely illuminated, as seen through 1.mm
hologram aperture,

It can be seen that there are seven or eight resolvable points in the image of each page composer
element, Although there are large fluctuations in intensity among the resolvable points, the light flux
averaged over each page composer element is much more uniform. When the ratio a approaches unity,
the numrber of resolvable points for each page composer element also approaches unity. The image in-
tensity fluctuations would then be so severe as to rule out the use of diffuse illuminetion,

The dichromated geatin holograms were prepared from commercial photographic plates (Kodak
649-F and High Resoiution Plates) by first removing the light-sensitive silver salts to leave a layer of
gelatin on glass, then sensitizing the gelatin in a dichromate solution, followed by development in
water and alcohol after the holographic exposure, 'The precise steps, which are similar to those widely
described in the literature, are listed below,

Preparation:
(1) Agitate for b minutes in Kodak Rapid Fixer with hardener, mixed as directed.
(2) Rinse in flowing water for 10 minutes,
(3) Dip briefly in 1:200 solution of Kodak Photoflo 200 and water,

(1) Hang vertically to dry at least 24 hours.




Sensilization:

1

(2)
(3)

(4)

(5

Agitate for b minutes in solution of 100 grams of ammonium dichromate in 1 liter of
water, Mix fresh solution every b days,

Dip briefly in 1:200 solution of Photoflo 200 and water.
Hang vertically to dry in darkened room for 2 hours,

Remove dehydrated erystallites of dichromate from back of gluss plate with damp
towel, Paint back with fast-drying flat black paint to suppress reflections. Use red
or yellow safelight,

Expose plates within approximately 12 hours,

Development:

(1)

(2)
(3)
(4)
(5)
(6)
(N
(8)
9)

Develop for 5 minutes in solution of 5 grams of ammonium dichromate in 1 liter of
water,

Place in standard solution of Kodak Rapid Fixer with hardener for § minutes.

Rinse in flowing water for 5 minutes. Then, place the holograms for

1 minute in 1:200 solution of Photoflo 200,

2 minutes in 50% isopropanol well mixed with water,

2 minutes in 76% isopropanol and water solution,

2 minutes in 90% isopropanol/water solution, and

2 minutes in 100% isopropanol bath, covered with plastic bag with dry nitrogen inlet,

Hang the plate vertically to dry above bath in dry nitrogen for 30 to 60 minutes.

Fillered tap water is used, and all baths are maintained at room temperature. Typical exposures
of 100 md /cmz, with a reference/object intensity ratin of 20:1, required 6 minutes to record over
the 7-cm-diameter hololens area. Reproducibility is only fair in these circumstances. Hololens ar-
rays were obtained in which the zero and first order outputs were 66% and 8%, respectively, of the
ineident beam intensity when aligned at the appropriate playout angle. This gives a hololens with an
8:1 beam splitting ratio and an optical system efficiency of 73%. The remaining light is lost by sur-
face reflections, scattering, and absorption, A sealed cover glass plate over the gelatin is necessary to
prevent gradual loss of diffraction efficiency in environments of high relative humidity (= 70%).




B, Ohject nnd Readout Lentes

Two compound imaging lenses are roguired for the holographie memory system, The object,
beam lens images the hololens array onto the storage medium, The page compoter in placed as close
as possible to this lons and serves s the offective aperture stop of the Jens, The readout. lens projects
the virtual image of the page composer, a8 reconstructed hy wavefronts from the orasabloe holograms,
onto the photodetecior array, ‘The storage medium is loeated as close as possible to this lens and also
forms the effective aperature stop, Both lenses are required hy the memory system Losign Lo operate
at unity magnification with identical foca! lengtis. Although a somewhat smaller aperture is required
for the readout lens than for the object beam lens in the final design, identicul design specifications
were chosen.

Specifications that were chosen for the imaging lenses are listed below with a brief discussion
where necessary, The first six items follow directly from the final design specifications for the mem-
ory system given in Section 11 of this report, The last two items are tolerances on image quality.

Q) Wavelength — 488.0 nm, monochromatic.
(2) Magnification — 1:1,

(3) Focal length — nominally 175 mm. Axial distance between image plane and aperture
stop is 366 mm.

(4) Object diameter — 71 mm.
(6) Image diameter — 71 mm.

(6) External aperture stop —
(a) Diameter — 71 mm.

(b) Location — At least 6 mm outside the end of the lens barrel on the image side, It
is required that this aperture be fully and uniformly illuminated by any point in
the object plane.

This specification guarantees that the page composer can be fully illuminated by
every hologram in the hololens array. Also, all readout image rays will reach the
photodetector array from every hologram in the erasable storage medium,

A Resolution — the image blur from any object point will be less than 0,2 mm in diameter.
This specification for the object beam lens requires that all rays which would ideally
arrive at one point on the storage medium must arrive within one-half the diameter of
the main lobe of the diffraction patiern from one page composer element. This ensures
that a substantial fraction of the light from all page composer elements illuminates the
hologram arca, rather than spreading over a larger area. For the readout lens, the speci-
fication requires that the image shift from hologram to hologram be less than one-fourth
the diameter of one page composer clement.
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") Distortion - for any object point, the contor of the image virele will deviate no more
than 0.8 mm from the corrosponding undistorted image point. For the object beam lens,
this specification ensures reasonnbly aecurate overlap hotween the object beam and the
roference beam for writing holograms anywhere on the ernsahle storage medium, For
the rendout, lens, distortion shift of the image is less than onethird the diameter of a
page composer element,

"I'he aberrations of two-element comented lenses are too severe to fulfill these requirements,
A commercially available 8-clement 174-mm, £/1.4 flying spot scanner lens gives udequute image
quality, but cannot provide illumination of the entiré external aperture as required, The lenses used
in the system were custom desined and fabricated by Tropel, Inc. The barrel is 120 mm in diam-
eler by 167 mm long; it contains six elements having an effective focal length of 230 mm, giving
£/3.1 at infinity, Tmage blur diameter is less than 0.06 mm and distortion is less than 0.0256 mm.



V. LIQUID CRYSTAL PAGE COMPOSER

The transmisstve lHguld cryatal page composer (LCPC) used in this system containg 2,048 -
cular elements areanged in o quasi-octagonal pattern, ‘The elements are 0,976 mm in dinmetor md are
spaced on 1,30-mm econtors, The bits are push-pull in nature with one pair of elements representing o
single bit for reasons that are detailed in the desceription of the detection system. The two elements
of a hit operate in complementary fashion with one element energizod with av ac voltage and the other
unenergized. With no voltage across it, the nematic liquid crystal is transparent, and light is transmitted
unimpeded. A voltage across the liquid crystal material causes it to hecome turbulent so that light
passing through it is scattered strongly with little light reaching the selected storing puge to be recorded,
In the differential mode of operation, the 1 and 0" are determined by which one of the two ele.
ments of a bitl is energized,

The LCPC is partially controlled in the sense that only 10 of the bits are electrically alterable
while 1014 bits are fixed bits with half the elements scattering and the other half clear in an unchang-
ing pattern. The page composer is fully populated, however, because it contains 2,048 elements of
which 1,024 bright spots always get recorded in and played out from a hologram, The 10 alterable
bits have been located around the periphery of the pattern and at its center so that results are repre-
sentative for bits located anywhere in the LCPC. Nearest neighboring bits have also been included so
that interaction effects between bits could be studied.

A cross-sectional view of the LCPC is shown in Fig. 12. Two glass plates with transparent elec-
trically conductive coatings sandwich the nematic liquid crystal material between them at a separation
of 0.0127 mm as determined by Mylar spacers, The conductive coating on glass 2 is etched to form
the pattern shown in Fig. 13 to which voltage can be applied to energize half of the fixed elements and
the 10 selected alterable elements. The pads for wire connections to the drive electronics are also
visible. The transparent conductive layer on glass 1 is not etched but is left intact to serve as a ground
plane or counterelectrode for the electrodes of glass 2. In addition, an opaque layer of aluminum is
deposited on the transparent conductive layer of glass 1 to form the pattern shown in Fig. 14 which
defines all of the 2,048 elements of the LCPC by masking the regions between the outside of the cir-
cular elements, This pattern is then registered precisely with the pattern of Fig. 13 on glass 2 when the
sandwich is put together. The task of aligning the LCPC in the optical memory system is significantly
eased and simplified because of this built-in mask.

A page composcr was assembled with plates as described above and was hermetically sealed and
mounted on a holder with micrometer position controls. When the LCPC was electronically activated
and tested in a simulated optical memory system using helium-neon laser light, contrast of better
than 50:1 wa: measured at a detector for the clear state vs, the scattering state of a liquid crystal
element. Birefringent effects in the liquid crystal material were also measured and were found to re-
duce the usable light at the corners of the LCPC by about 256%. Afler these tests, the LCPC was
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Figure 12. A cross-sectional view of the liquid crystal page composer.

incorporated into the read-write optical memory system and has operated successfully with all the
other components of the system, See Fig. 15,

The lifetime of a liquid crystal cell is strongly dependent on the method used Lo seal it which
determines the contamination level in the cell, One cell, which was filled first and then sealed with a
silicone rubber epoxy, started showing signs of deterioration after about one month. We suspect that
uncured epoxy in direct contact with the liquid crystal material was responsible, Degradation occurs
in the form of apparent misalignment of material such that scattering centers producing a frosted or
cloudy appearance can be seen at some locations with the material in its clear unenergized . ‘ate.
This, in turn, decreases the obtainable contrast ratio. A better fabrication technigue was developed
in which the seal with the cpoxy was made first except for one small port for entry of the liquid
crystal and one for exit. The cell was then filled after allowing time for the epoxy to cure to a more
inert state. A cell made this way operated well for one year before some tiny spots of contamination
appeared. There are other difficulties associated with the fabrication of large-area cells such as en-
trapped air bubbles, misaligned regions of nematic material, surface contamination in the sandwich-
ing plates, short-cireuits between electrodes and the ground plane, ete. RCA at Somerville, N.J., has
developed techniques for making large cells — some as big as 20 em X 20 cra -~ involving a glass frit
seal and a cortrolled pressure-vacuum filling station. Cells made there have operated for several
years with no contamination difficulties. However, the specific production conditions must be tail-
ored to the particular cell involved so that numerous trial runs might be necessary to establish the
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Figure 14. The opaqgue aluminum pattern formed on glass 1,
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Figure 15, 'The 102:4-bit liquid erystal puge composer mounted on its holder and

activated Lo produce a typical pattern of scattering.

proper vialues for all of the system variables, Since we needed only a tew eells, we felt that it would
be more expeditious to work with the group doing research on liquid erysials at RCA Laboratories,
even though the available facilitios and experience with large cells were not equivalent to those at
Somerville,
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Vi, ERASARLE RTORAGE MEDIUM

The vequirements for the storage plane in the prototype vead-write holographic momory were:
Rosolution in oxeess of 1400 linos/mm

Hensitivity to AHE0 A (- 480 ni) yaedintion

‘Tronsminsive roadout,

Total glze greatey thay 7,0 em

Page size 1 mm

Write encrgy - 1 md or loss

Read efficiency - 1% or groater

To satisfy these roquirements it was decided that a thermoplastic-photoconductor sandwich
would be used for the storage plane, The thermoplastic material used was Staybelite ester 10 (Hereu.
les Powder Corp., Wilmington, Delaware) and the photoconductor used was poly-n-vinyl curbuzole
dopad with 2,4,7 trinitro fleurenone (Polysciences Corp., Warrington, Pennsylvania),

In the following, we will deseribe material preparation, storage plane fubrication, and the oper-
ating parameters ol the storage plane. Some interesting techniques that allow operation on a large
storage plane will also be covered,

A, Materials

1. Photoconductor. — The photoconductor used in all experiments was poly-n.vinyl carbazole (!VK)
doped with 2,4,7 trinitro 9-fleurenone (TNF), These were mixed in the ratio 6 gm of PVK to 1 gm
TNF and then diluted in 100 ml of 1,1,2 trichlorethane. In early experiments the solvent used was
an equal mixture of p-dioxane and dichloromethune, but this hud the disadvantage of too rapid cvap-
oration of the solvent which led to problems of repeatability and to problems of film formation in
humid atmospheres. The sensitivity of this photoconductor will be discussed later.

2. Thermoplastic, - The thermoplastic used in most of the experiments was Staybelite ester 10, a
derivative of o natural tree resin. Various solvents were used, but the preferred solvent was hexane,
The Staybelite ester 10 was diluted in the hexane in the ratio 20 gm of Staybelite to 100 mi hexune,

3. Substrate. - The substrate used was InO-conted glass (Nesatron, Pittsburgh Plate Glass Co.), with
electrical conductivity in the range 50 to 100 ohms per square. The InO coating wus etched into the
desired pattern using a dilute hydrochloric solution, The active areas of the partially populated
storage medium were 1 mm?2 squares distributed as shown in Fig. 16, The total puttern of the sub-
strate, including evaporated gold lines used to bring power to the active ureas, is shown in Fig, 117.
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B. Sample Fabrication

The technique used for sample fabrication was dip-coating, with the photoconductive layer ap-
plied first and the thermoplastic layer applied next.

The technique of dip-coating involves the careful withdrawal of a substrate from a solution of
the material to be coated, To obtain smooth films, care must be taken Lo avoid ehanges in withdrawal
speed and to avoid mechanical vibrations, The thickness of the deposited film can he controlled either
by varying the speed of withdrawal or by changing the viscosity of the solution; in most experiments
the first method was used,

The apparatus used is shown in Fig. 18. To achieve constant speed a synchronous motor was
used, and a large flywheel was put on the drive shaft. To avoid slippage a toothed belt and pulley
were used, To avoid disturbance caused by air motion a tall tank was used to hold the solution.

The speed of withdrawal, and hence the thickness of the deposited layer, was varied by the use
of different-diameter pulleys. The uniformity of the deposited film was fair; variations in thickness
of the order of several hundred angstroms were observed.

As mentioned above, the photoconductor was deposited first. The plate was allowed to dry for
several minutes and was then submerged in the thermoplastic solution. (If necessary, the pulley was
changed while the plate was drying.) After the thermoplastic layer was deposited the plate was
placed in an oven at 60°C for one hour,

C. Recording on Thermoplastic Media

The basic principles of storage have been discussed in the literature (refs. 1—3), and in Volume
II of this report. The operation involves the sequential processes of charging, exposing, recharging,
and heating. Erasure is accomplished by reheating the film,

To ensure repeatable results and to avoid catastrophic electrical breakdown of the thin thermo-
plastic film, the voltage on the film (due to the corona charging) must be precisely controlleu, This
control is complicated by the need for random selection of storage locations over a large storage
plane for a number of reasons. The fact is that it is hard to uniformly corona-charge an area as large
as that shown in Fig. 16 (7.6 cm X 7.6 cm), The second reason is that because of random selection,
one location may be repeatedly selected (and therefore charged and heated) but another location; ~n
the same plane may be only charged. If not controlled, the voltage on the unselected location will
rise to the hreakdown voltage of the film and cause damage. A third reason is that corona-charging
is affected by atmospheric conditions such as humidity and temperature. The variation in these con-
ditions normally encountered will lead Lo changes in the voltage on the thermoplastic.

The first of these problems, corona-charging a large area, was solved by using the corona applica-
tors shown in Fig. 19. It consists of fine (80 to 75 um diameter) wires held in a “serpentine” pattern
by a plastic frame over the storage plane. The distance from the wires to the plane, and between each
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Figure 18, Apparatus for dip coating.
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wire, is approximately 1 em, The wires are fine enough, and far enough away from the storage plane,
g0 they do nof. intereept, an appreciable part of the light,

"This arrangement. does charge the entire storage plane, 1t is not uniform, however, sinee the edge
or external wires omil, more charge than the inner wires, (The eause ean be attributed to wire-to-wire
capacitance effects,)

To solve the problem of nonuniform charging, and the more important problem of precise volt-
agge control, a grid (apertured metal plate) was placed over the storage plane, The grid used for the
prototype system, with apertures at. the active locations of the storage medium, is shown i Fig, 20,
For a fully populated storage plane the grid would take the form of a mesh, In use, the apertured
plate is placed against the storage plane | separated only by a thin insulating film (25 um thick) to
prevent short-cireuits |, and vollage, equal Lo the aesired voltage on the thermoplastic film, is applied
{o it. ‘This prevents the voltage on the thermoplastic caused by corona-charging from riging above the
voltage on the apertured plate. The reason is that if the voltage at the thermoplastic were to rise
above the grid voltage, the ions of the corona carrying the charge would be deflected to the grid. We
found that, with the usc of the grid, t+ .aximum voltage on the thermoplastic was substantially in-
dependent of charging time and of voltage on the corona applicator. The use of the grid allowed
highly repeatable results. The complete system, with all elements in place, is shown in Fig, 21,

Two of the more important characteristics of the thermcplastic storage media are its sensitivity
(that is, efficiency as a function of exposure) and its spatial frequency characteristics (that is, efficien-
¢y as a function of the angle between object and reference beams).

Figure 22 is a typical plot of the efficiency of the reconstruction as a function of the exposure.
In this particular experiment the photoconductor thickness was 1.6 um, the thermoplastic thickness
was 0.6 um, and the grid voltage was 200 V. The beam ratio used in this experiment was 1:1,

Besides the gratifying result that the thermoplastic medium is quite sensitive (of the order of
649F photographic film), there is the interesting result that the efficiency remains constant even for
relatively high exposures. Further study of this aspect of thermoplastic recording shows that this
feature is a consequence of using a 1:1 beam ratio in the experiment.

The reconsiruction efficiency is not 8 monotonic function of the recording esposure. In the
following analysis we derive the variation of efficiency versus exposure. We use a lumped-circuit
model, consisting of a capacitor shunted by a resistor, to describe the photoconductor, and we make
the assumption that the effect of light on the photoconductor is to vary the value of the shunt resistor.
Although this model is admittedly somewhat naive, its virtue is that it predicts the experimental re-
sults quite accurately.

In this analysis we confine our attention to the voltage across the photoconductor; this voltage
determines the ultimate forces acting on the thermoplastic.
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Figure 21. Storage plane, assembled and mounted,
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Figure 22. Measured hologram efficiency versus exposure; unity beam ratio.

Using the lumped-circuit model, the relationship for the voltage across the photoconductor is

cdV +gv =0 (30)
dt

where C is the capacitance per unit area and G is the conductance per unit area. 1f we assume that
the conductivity of the photoconductor varies with the intensity of the absorbed light and we further
assume that the intensity is written as

2%
I= IO<1 + m cos T) 3N
we have
dv 2rx
(J‘d‘t“ +KIO(1+mcos~a—'>V = 0 (32)

where K is a proportionality factor (the sensitivity of the photoconductor), m is the modulation ratio,

d is the spatial wavelength, and x is a dimension on the surface of the photoconductor. The
solution to this equation is

2 .
Vix,t) = Vg exp[~KIo(1 + m cos :;) t} (33)
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"The thermoplastic hehaves like an incompressible fluid, which implies that, its motion {s not
dependent, on the absolute forces applied, bul rather on the spatial variation, or difforence, of the
applied foree, From the previous relationship we note that the maximum voltage (related {o the
maximum foree) is

V =V, expl=Kl (1 + m)t] (34)
and the minimum voltage is

V = V,exp[-KI (1 - m)t] (36)
The difference is

Vo= Ve o b KIgmt (36)

If we now let 1t be the toisl exposure E,, we may write

) -KE, |
AV =V e sinh KE, (37)

in Figure 23 we plot AV versus E, with beam ratio as a parameter. Since the ultimate behavior of
the thermoplastic is dependent on AV, it is evident that the efficiency of the reconstructed image
wili not be a monotonic function of the exposure.
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Figure 23. Calculated relative hologram efficiency as a function of beam ratio.
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In the prototype systom heam ratios of the order of 10:1 were used, A plot of the officiency
vorsus exposure for a hologram made with a 10:1 hoam ratio is shown in Fig, 24,

0
8
7
5
56
%]
TS st
e
4
3
2
|
1 L 1 1 1 L L —
2550 100 200 300 400 500
e Joules/p 2

Figure 24. Measured hologram efficiency at 10:1 beam ratio.

One of the most troublesome features of thermoplastic storage is the bandpass nature of the
spatial frequency response. The maximum response is centered at a spatial frequency given by 1/2h,
where h is the thermoplastic thickness, and the response falls off rather quickly toward high and low
spatial frequencies. Figure 25 shows, in the narrow region about the center of the band, the spatial
frequency response. Figure 26 shows the response for a film 490 nm thick, which should have had a
center frequency of 1000 lines/mm (corresponding to an angle of 30° between reference and object
beam), while Fig. 27 shows the response for a film 340 nm thick, The dotted line in both graphs
shows the angular extent of the object used in the prototype system, and we can see that the band-
pass response leads to shading in the reconstruction. Whils this is not a disastrous result, it does lead
to difficulties in readout. The more important result is that the actual center of the response curve
did not occur at the spatial frequency predicted by thickness measurements made on the film.

These thickness measurements were made by interferometry, but at a location on the storage
plane somewhat remote from the storage locations used for the experiment, The reasons for the
discrepancy, between the predicted and actual center frequency, are either an error in thickness
measurement, variations in the thermoplastic thickness over the surface of the storage plate, or a
failure in the theory that predicts the center frequency. Of these, the first is the least likely, for
these measurements were carefully repeated many times.
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Figure 27. Hologram efficiency versus spatial frequency for a film nominally 340 nm thick,

Regardless of the cause, the results point out that it is Qifficult to fabricate a storage plate with
predetermined performance characteristics.

An experiment was performed to find a means for thermoplastic holographic storage that would
have a response independent of the exact thickness of the thermoplastic thickness. In this experiment
holograms were made with the angle between object and reference beam at 45° (corresponding to
1440 lines/mm) on a storage plane with a thermoplastic thickness of 490 nm (which should result in
a center frequency of about 1000 lines/mm). The thickness of the photoconductor was 1.5 ym and
the voltage on the grid was 260 V. The object was the page composer used in the prototype system,
The key step in the experiment was to sequentially store holograms at ever-ncreasing exposure and to
monitor the reconstruction, That is, the complete process of erase-charge-expose-charge-read was re-
peated a number of times, with increasing exposures for each trial. The results of the experiment are
shown in Fig, 28. The first reconstruction is expected — only the low-frequency portion of the image
is visible. Then, as the exposure is increased we first see the low frequency portion of the image be-
come brighter (all photographs made with the same exposure) and then, the first surprising resull -
the high-frequency portion of the image becomes visible, und a dark band separates the two positions,
As the exposure is increased further the dark band is observed to sweep across the image, toward
lower frequencics. Finally, at an exposure of about 800 pd, the dark band has left the image. The ef-
fect of increasing the exposure even further appears only to brighten the image.

This experiment was repeated with storage planes of thermoplastic thicknesses that varied from
490 nm to 200 nm with substantially the same resuits.
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Phe net offeet of this is that, with this appraach, the exaet thickness of the thermopliviie is of

no consegquenee i resalt that enarmousty veduees the complesaity of spple fabrieation, The reason
for thin phenomenon in nat completely understood; however, it appears that st the high exposoees
ated the photoeonductor boeomen saturatord (or offectively perfoetly conduetive) while the therme-
plastie itself heeomoes photoeondaetive,

The disadvantage of this techndgue s that it requives mueb higher exposares than normally vaed,
fortunately, the prototype system had been designed for juat the osposure levels needed for this
method,

The final important characteristie of the thermoplastic stornge meditm is ity fntigue behavior,
While there e some ihermaoplastios that exhibit little or no fatigue « notably microerystalline wax -
Staybelite is not among them, The upper Hmit in the number of eycles that could be wsed before the
signal-to-noise ratio of the reconstructed image hecame Intolerable was of the order of B0O, The fuil.
ure was marked by the appearance of many pits and other permunent surface deformations, This was
possibly caused by the luek of udequate clonnliness n the materials used, with the resulting impuritios
initiating the observed defeets. A further cause of failure was an apporent inerease in the sofiening
temperature following prolonged operation, which was undoubtedly caused by oxidation of the
thermoplastic,

Since the purpose of these experiments was the demonstration of the feasibility of holographic
storage, and since it is apparent that thermoplastic materials are being developed with little or no
fatigue, this aspeet of the storage characteristics of Staybelite was of little practical concern,

There wus one aspect, however, that was of concern, It was found that if a pattern was recorded
and then retained for long periods - longer than 24 hours - it was difficult to erase. In particular, it
was found that when this pattern was apparently erased and a second pattern recorded at the same
Jocation the first patlern reappeared, The fivst pattern was dimmer than the second, but still presented
a potentially troublesome signal. 1t was found that this could be prevented either by not retaining a
pattern for longer than 12 hours or by erasing the pattern and not using that location for at least 21
hours. Neither method is ultimately acceptable, ‘The reason for this effect appears to be either due 1o
cold flow in the plastic or to charge-trapping in the plastic. This is a potentinlly very serious problem
and should be studied further if thermonplastic storage is seriously considered for holographie storage.
It is not known whether this problem exists in other thermoplastic materials,
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Vil, PHOTODETECTOR ARRAY

An array of 40 PIN photodindes wan used to deteet the ten active hits in s partinlly populated
optical memory, Two diades wore wiod for ench bit to indieate “1" ar 0%, Sinee hoth diodes foed
i difforentinl-input preamplifier, common maode light and eloetrieal noise are attonunted,

The equivalont input noise emvrent Lo eaeh of the ten proeamplifiers is about. 10 LA v, Thin

i ahout by 10711 W oave, of Hght power striking eneh photodiode (conversion ratio of HA/W), While
the fregueney handwidth of cach tuned preamplifior ts 2 kg, the overall handwidith of the seise dyss
tom, inelnding synehvonous deteetion and strobing, i about 130 Ha, A reddoniyin of the detection sys
tem cotld reduce the equivalent input noise cureent. from 10711 A s to probably 2 - 10712 A pis,
At anv rate, the photodeteetors and the associated eleetronies ean reliably detecs an optical signal level
uf about 10-10 W ave. in about Sqmsee time, However, GO msee are required in actual operation with
the optien] memory hecause of nonuniform light levels eminating from the 20 stored spots in the stor-
age medium and variations in gain among the amplifiers,

‘The ten active bits in the partially populated memory were artanged in five locations of two bits
cuch with two photodetectors assigned to each bit. The five locations are sepurated about 32 mm from
cach other, which provides sufficient space for mounting the five clusters of four diodes cach, The
four PIN photodiodes of each cluster are a four-element photodiode chip. Euch element I51.8 mm
square with 0 0,18-mm separation, The chip is sealed in a TO-6 can with five leads extending from the
base. The diameter of the light beam striking cach diode is 0.97 mm, wnd the spacing between each of
the four beams is 1.3 mm. The beam locations und diode geometry are compatible.

Alignment of the five clusters was made visually, using a jig bore machine and a microscope
clamped in the drill chuck. The five clusters were easily positioned relative to one another within 0,02
mm, and each is clamped in place on the support jig, as shown in Fig, 29,

The diode array is manufactured by United Detector Technology of Santa Monica, California,
and is known as PIN-Spot/4.
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Figure 29. Assembled and mounted photodetector array.




VIill, CONTROLLER ELECTRONICS

The electronies required to operate the holographic o Wieal momory must control five
] 1

funetions;

Page Composition
medium,

hits stored tomporarily in page compaser for later transfer Lo storage

Page Sclection - deflection of laser heam to desired location on storage medium,

Write — transfer of page composer bits to storage medium,

Read -- transfer of stored bits from page Lo photodetectors and light display.

Erasc — removal from storage medium of previously written information in any given page or

pages.

An overall block diagram is shown in Fig, 30. The energizing and control units for the laser de-

flector, the page composer, the storage medium, and the photodetector array are each housed on sepa-
rate chassis with separate front panels. Each unit can function under internal control, independently

LAMPS
(20)

| READ

CONTROL | wmiTe

PRE- |

Figure 30. Block diagram of controller electironies,
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of the ather three, for adjustments and tests of the memory system components, For operation of

the entire memory system, the four units function under external control signals from a control
console, which initiates the appropriate sequence of operations,

A, Lasor Deflector

‘This chassis provides the address logie pulses which are used by the ncoustie coll drivers, 'The
drivers gencrate appropriate frequencies for deflecting the laser heam to the desired page position on
the storage medium, Figure 31 shows the front panel. The address pulses are 3 msee wide and oceur
at 30-msec intervals, resulting in a 10% duty eycle. An additional 100-klz modulation is supplied to
the y-deflector during reading as a carrier for the detector amplifiers, The number of 3-msec pulses
used for reading or writing are set by front panel controls to match the sensitivity and efficieney of
the storage medium. A page address is programmed by selting x- and y-positions on panel switches,

B. Page Composer

A block diagram of the page composer control electronics is shown in Fig. 32. It is composed
of an array of ten pushbutton switches which drive 10 flip-flops These, in turn, control the states of
the ten liquid crystal pairs of the page composer. Provisions to have all locations either clear or scat-
tering are made. The states of the flip-flops and the liquid crystal pairs are indicated by ten pairs of
lamps. A lighted bulb represents the clear element of the liquid crystal pair which would produce a
spot of light on the photodetector during a subsequent read cycle. Provisions are made to electronical-
ly compose a page through the set/clear inputs of the flip-flop. The front panel is shown in Fig,. 31.

The circuitry associated with the one-bit-position liquid crystal pair is shown in Fig. 33. To change
a bit from the value indicated by the lamp to its complement (say from “0” to ““1”"), the switch is
momentarily pushed. This clears and then sets a buffer flip-flop to eliminate contact bounce. The
buffer then complements the data flip-flop. As previously mentioned, data can also be entered through
the sel/clear inputs of the data flip-flop. The data flip-flop’s output is buffered to the discrete com-
ponent lamp drivers and to the liquid crystal drive switches. These are mercury-wetted reed switches
whose drive requirements are compatible with TTL levels and operate in several msec. The liquid
crystals are driven through 100-k$2 resistors to each element. Switching is accomplished by the reed
switch short-circuiting either element of a bit pair to a bus which returns to oscillator common.

The liquid crystal clements are energized by the Wien bridge oscillator/amplifier circuil shown
in Fig. 34. Degenerative feedback is produced at all frequencies except that for which the bridge is
balanced. The bridge balance and frequency of operation are determined by the ganged pot. 'The three
light bulbs act Lo stabilize the output amplitude. The oscillator is followed by a power amplifier com-
posed of an operational amplifier with a discrete component output stage driving step-up transformers.
Feedback from the primary serves to establish the amplitude and preserve the waveshape. Amplitude
control is obtained by changing the feedback. The oscillator/amplifier produces a sinusoidal waveform
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Figure 32. Block diagram of page composer control unit.
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Figure 33. Circuit for one pair of liquid crystal clements.
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Figure 34. Drive circuit for liquid crystal excitation.

at the transformer secondary with amplitude control from 1 V rms to 70 V rms, The frequency is
adjustable from 20 Hz to 200 Hz, with observable distortion present only at the lower frequencies,
20 Hz to 26 Hz, and at the higher voltages, 60 V to 70 V.

C. Storage Medium

Generation of the timing pulses which control the storage medium during writing (heat, corona,
and also the Pockel cell polarization switch) is accomplished within one unit. Page heater selection and
pulsing is performed within the main chassis, Fig. 35. High-voltage power supplies for the corona dis-
charge and the polarization switch are separate (Fig. 36). A block diagram of the unit is given in Fig.
37, along with two alternative timing sequences for a write cycle in Fig. 38. Sequence A is used to
write a hologram while the thermoplastic is fluid following an erase pulse of heat. In sequence B, the
hologram is first erased. After cooling, the photoconductor-thermoplastic sandwich is sequentially
charged, exposed, and recharged. A fina! heat pulse completes the recording sequence.

A write cycle is initiated (a) internally, by depressing the START button, or (b) externally, by
the receipt of a ground signal from the external control console. Either event is stored within the control
logic block of Fig. 37. This circuitry disables all the input gates and enables the output gates of the
pulse circuits. Also, the state of the mode and sequence switches is locked in. 'These actions reduce
the possibility of spurious signals operating the high-voltage circuits and, in turn, reduce the shock
hazard. Upon completion of a cycle, the control logic is reset and a new command can be accepted.

The signals generated by the pulse circuits are:

(1) The page composer command enables the page composer control unit for the duration
of the write cycle.

(2) The polarization command activates the pov. .r supply driving the polarization switch,

(3) Heat pulses for erasing and writing have widths adjustable from 0.1 to 16 msec.
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Figure 36. High voltage corona supply.
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Figure 37, Block diagram of storage medium control unit.
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Figure 38, Timing sequences for a write cycle.

4) Corona command durations are adjustable from 0.6 to b sec.
(5) The deflector command is a 1-msec pulse which starts the laser deflector control unit.

A page heater is addressed by one x- and one y-address switch, This results in the selection of
one of the 48 heater drivers (Fig. 39) under control of the erase and write pulses, Connection is made
to the memory plane with a 50-wire cable (48 pages, ground, power supply). The presence of write
current is sensed and amplified. Currents larger than 10 mA light the HEAT POWER indicator. The
peak value of the write current pulse is stored and is available at a back panel jack.

D. Detection System

During read, the image is detected by PIN photodiodes. The resulting electrical signals from each
bit are then amplified, demodulated, integrated, and stored in parallel. The appropriate lamps on the
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Figure 39. Driver circuit for a page heater.

front panel (see Fig, 40) are illuminated to indicate the detected information, Figure 41 shows the
photodetector array and the preamplifiers.

A functional diagram of the detection system appears in Fig. 42. The light striking each diode is

about 10710y peak, producing a current of 2 X 10711 A peak. With an input impedance to the pre-
amplifier of b x 109 @ , a signal voltage consisting of 3-msec pulses of 10 uV/pk amplitude is produced,

The equivalent input noise voltage for the preamplifier is about 1 4V rms and its bandwidth is 2 kHz
centered at the carrier frequency of 100 kHz, The voltage gain is X 5000,

Each stored bit consists of two spots, one illuminated and one opaque. The storage of “1" and
“0» depends upon which spot is illuminated. Since two photodetectors connected differentially de-
tect the light from these two spots, common mode illumination and electrical noise are attenuated.
The 100-kHz sense signal leaves the preamplifier at a level of about 0.06 V peak and a relative phase
angle of 0° or 180° depending upon whether the information is 1" or “0”. It is further amplified
and fed to a balanced demodulator which synchronously demodulates the 100-kHz signal into 3-msec
pulses whose polarity is determined by the phase of the 100-kHz carrier rolative to the local 100-kHz

ounillatny,

This demodulated signal is then integrated, with each 3-msec pulse increasing the output of the
integrator while the incoherent noise is uttenuated relative to the signal. The number of pulses to be
integrated is selected by the “strobe delay® control, in effect increasing the sensitivity of the detec-
tion system but also increasing the time required for detection. The demodulated and integrated
signal is now applied to the appropriate latch and indicator lamp for display as *“1” or “0", The
timing pulses for the read mode are illustrated in Fig. 43.

b6
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Figure 43, Timing sequence for reading.
B, Control Console

The control console, shown in Fig. 40, can be used to inftiate the complete writing or reading
sequence of the memory system, This chassis contains two pushbutton switches, vne for reading and
. ] one for writing, Logic circuitry is present to prevent errors if either button is depressed before a
] eyele hus been completed. ''wo monostable multivibrators generate control pulses whose widths are
sel to equal the duration of one complete read or write cyele,
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IX, MEMORY SYSTEM OPERATION

Betare the final assombly of the memary system, oneh of the major components was thoroughly
pestod alone and then in conjunetion with others, The assembly procedure consisted of @ step-hy-
sop addition of ench operating component, Complotoly suecessful operation of the moemary system
win achioved in necordanee with the desigin objeetiven, Tologrmes were recorded and read outl with-
autl error from all 48 cetive hologram loeations, with no mechanieal adjustments, The operating eyele
with 300-amW laser output was: 2-s0e corona charging time, 200-mgee of foetive writing exposure dura-
Hon, and B0-msee of foctive rending duration, Effective durations are listed beenuse the temporal duty
vabios of the Tner beam are 0,1 Tor writing and 0,00 for reading,

We may extrapolate from the results of the partially populated system Lo conelude that a fully
popudated memory system of identical design would operate successfully, Replacement would be re-
quired only of the prosent aberrated deflector cells with ones displaying the full 40-spot Rayleigh
resolu e wpeeified in the design,

The memory system is assembled on the surface of a 1,3-m by 4-m table that is vibration-
isolated, Figure 44 shows a top view of the overall system with the approximate location of the com.
ponents, The Frontispiece of this report is a photograph of the memory system with the photodetec-
tor array in the foreground, and the deflector system in the far buckground. The majority of the
components are mounted on stages having precision adjustments, since tolerances are fractions of a
milliradian for angles, and fractions of a millimeter for linear position. Vibration iselation supports
are used between the table top and the argon laser head, which carries circulating cooling water. The
strongest noise signals in the readout of an addressed hologram are contributed by spillover illumina-
tion from the reference bean hitting neighboring holograms, as expected {rom considerations discussed
in the final design. When there is no hologram in the addressed location, partial readout of the in-
formation from the neighbors is detected, When a hologram is present at the addressed location, how-
ever, adequate rejection of the noise signals is obtained with the differential detection system,

As might be expected in a prototype system of this complexity, a number of engineering prob-
lems were encountered, Some of these have been alluded to in previous sections of this report; these
discuss the trade-off considerations in the final design and the development of the various components.
1t was not practical, within the scope of this program, to ensure that the optimum performance wus
obtained in each component after the final assembly, Aberrations in the deflecior cells, and lifetime
problems with the laser, the dichromated gelatin hololens, the liquid crystal page composer, und the :
thermoplastic storage medium were all present, These factors represent the kinds of engineering de-
tails this program was intended to uncover, und to which increusing attention must be paid in programs
to develop larger systems. The results of the present program demonstrate that these problems can be
successfully attacked, and that the approach to high-capacity holographiv storage systems which we
huve developed is soundly based,
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X. CONCLUSIONS

The following major conclusions are drawn from this program to develop a working prototype
holographic read-write memory:

1, Practical design criteris have heen established upon which to estimate the performance of
a given configuration of components.

2. A working prototype system has been designed, constructed, and demonstrated,

3. For a given capacity and performance level, the trade-offs among component siges can
be quantitatively estimated. Criteria are proposed for optimizing the storage capacity,
but have not been tested in a complete prototype system.

4, Future programs to develop larger-capacity memory systems must give increasing emphasis
to engineering details such as tolerances, costs, and the practical performance limitations
of the components.
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